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INTRODUCTION

L. The purpose of this report is to present the results of the first
series of tests conducted by the Aeronautical Engine Department, Naval Air
Propulsion Test Center, in support of Phase IV of the NASA-sponsored Rotor
Burst Protection Program (reference a), The ultimate goal of this
integrated program of theoretical and experimental research work is to
provide lightweight containment/control systems that will prevent the
fragments from failed turbeo machines from injuring personnel and

damaging adjacent equipment.

2, The previous three years of endeavor by the Aeronautical Engine
Department, under the sponsorship of a NASA DPR R-105, amendments 1 and
2, have provided the first full-scale Government attempt to actively
pursue this problem in depth and provide a means to scientifically
investigate this heretofore scarcely explored field. The only attempts
known to us, prior to the initiation of the Rotor Disk Burst Protection
Program at the AED, were cut-and-try attempts by turbomachinery
manufacturers only after a containment problem had become apparent.
These attempts were usually limited by the availability of funds and
time, and in most instances the solution was a heavy metallic ring that
imposed a considerable weight penalty upon the equipment in trouble., A
large percentage of the AED's previous effort was devoted to the design

and construction of the Containment Evaluation Facility, Now that this



unique facility has been completed, AED's enginecring effort has been
directed to the continued development of test techniques and the design,

testing, and evaluating of containment/control systems,

3. The problem of uncontained failures in associated APU's and starters
is still very much with us. This is evidenced by the record of commercial
airlines and U. S. Naval aviation experience reported herein in Appendix 1.
Both the number of uncontained failures and the rate of these possibly
catastrophic occurrences have increased from calendar year 1964 to calendar
year 1966, and early 1967 data indicate that the uncontained problem is

becoming more critical,

4, To better understand and appreciate AED's testing to date and the
overall Rotor Burst Protection Program, a review of this program is

desirable.

5. To scientifically investigate the problem of uncontained turbo-
machine failures and eventually design a satisfactory containment/control
device, one must first understand what happens in those few milliseconds

when the rotor fragments attack the shroud or casing,

6. What are the forces, both quantitative and qualitative, being
imposed upon the casing by the fragments?
What type of penetration process is taking place?

Are the fragments changing shape and size during the attack?



Is the entire case working to defeat the fragments or just the
immediate area of the impact?
These are some of the questions that require answers. The objective of
our studies is to answer these and other questions; and in doing so,
generate realistic design data to assist all those interested in the
design and production of satisfactory rotor burst containment/control
systems.
7. To accomplish this objective, we have created both a program and
a facility to support this program. The details concerning the construc-
tion of, and the equipment used in AED's Containment Evaluation Facility
were reported in references b and ¢. Let us now look at the overall
rotor burst protection program,
8. Containment programs in the past have been largely concerned with
cut-and-try approaches which based the next test on the results obtained
from the previous testing, The unimaginative plodding that usually
accompanies such cut-and-try programs are both time-consuming and
expensive and the results are usually the specific answers to one
distinct containment problem and not necessarily protection at a minimum
weight. Other attempts at containment designs, such as correlation of
ballistic data to rotor fragment penetration, or utilization of designs
and materials used on previous products are also without a good theoret-
ical foundation. As mentioned in reference d, "Science advances in a
series of alteration between theory and experiment. Theoretical
formulations become mere speculation if sufficient empirical data avre

not available, because unless there are data points to which curves



can be fitted, it is meaningless to continue theorizing. However, the
inefficiency and even futility of conducting tests without a theoret-

ical background should also be realized."

9. A theoretical framework should be available so that the relation-
ship between variables can be predicted quantitatively before the
experiment or test is conducted. If the proper kind of theory is
available, the engineer can plan his test so that the most important
variables are investigated first while the second order of effect
variables are given lower priority. It is this basic philosophy that

is to be generally followed whenever possible throughout the Rotor

Burst Protection program,

10, What a turbomachine manufacturer would like to have is a computer
into which he could describe his machine, his proposed containment device,
the operating conditions and environment, and then push a button and have
the machine accurately tell him how the containment device will behave,
The "magic box" we are speaking of is actually a computerized mathematical
model (or models) that describes, through a series of equations, the
interaction of the rotor fragments and the containment system.

11, A basic approach to develop such a mathematical model adopted

by the AED is depicted on plate 1. The desired "magic box" is designated
"computer model" and to obtain this model we must first begin at the far
left of the diagram at the '"system block." We must first know our system,
i.e.,, our turbomachine and containment concept we are considering. The
system must then be described as accurately as possible. By description,

we mean both the physical characteristics of the system and the types of



interaction that can take place when a burst occurs. The "information source"
block is where we go to get the information to aid in our system description.
The more information available here, the more realistic is our system
description and therefore so is our computer model. If more information

is needed to fill these information gaps, additional supporting experiments

must be designed and performed.

12, Now probably the most difficult portion of the development must
be considered; the "mathematical model." The mathematical model must
combine the physical characteristics and properties of the entire system
with the laws of motion and force. This is to be done through theoretical
formulation and mathematical analyses. In general, such mathematical
models, when applied to ballistics or hypervelocity impacts, have been
successful for only a particular set of conditions. It is our hope to
generate a mathematical model accommodating the entire range of turbo-
machines or at least a minimum number of ranges based upon size or some
selected characteristic. The mathematical model will probably be

quite complex, and the requirement for computerizing the mathematical
model through proper programming is foreseen to obtain our "magic box"
containment/control system mathematical model.

13. Once the computer model is established it will be necessary to
verify how accurately the model depicts the actual system, Plate 2

illustrates one method to accomplish this. A computer model based upon



a sound theoretical background should require only a small number of
actual comparative tests and computer parameter adjustments before prov-

ing to be a useful design tool.

14. The present state of AED's investigation at the end of phase IV
is shown on plate 3. The major portion of AED's effort during phase 1V
of the RPB Program and the eventual attainment of a useful mathematical
model was devoted to filling the information gap in this heretofore
slightly studied field. While obtaining information about fragment
kinematics and material reactions to the complex type of failure, AED
was also, with each test, developing their test techniques and technical
background. In addition to the tests designed to examine the previously
mentioned factors, AED also conducted tests to evaluate new materials
which, although not specifically designated for use as fragment contain-
ment materials, were intuitively considered as having possible applications

in this field, and therefore, worth investigating.

L5. The complexities of our investigation can better be understood
by examining some of the factors that influence the containment/control
process. Details concerning these items are discussed in reference b
and will not be repeated here, but the following list will serve as a

reminder:

10



MATER 1AL

1. Strength
Static & Dynamic
2. Composition
3. Environmental Limits
DES IGN
1. Overall Product Design
2. Type of Support-Restraint System
DYNAMICS
1. Fragment Characteristics
a., Shape
b, Mass
c, Velocity
d. Orientation
2. Energy Distribution
a. Translation
b. Rotation
3, Deformation

a. Localized

b. Gross

11



CONCLUSIONS

16. The NASA sponsored Rotor Burgt Protection program has produced the
first high speed photographic sequence of an intentionally failed rotor
within a containment device. This technical achievement has produced a
means to both qualitatively and quantitatively study the fragment-
containment system kinematics and material performance associated with

disk and blade failures.

17. The qualitative results of the first twenty-one tests reported

herein provide data that can assist in establishing basic guidelines for the
design of containment systems.

18, Experimental results illustrate that fragments from a flat disk
rotate about their own center of mass as they move tangentially outward.
This combined type of action produces a complex failure mode of the
containment system,

19, Single blade failures from a partially bladed turbine rotor travel in
the same manner as described above,

20, The effect of radial clearance on the containment process was shown
to be significant. Large clearances increase the possibility of a fragment
contacting the containment device in a critical manner.

21, The inclusion of areas of possible stress concentrations can
drastically reduce the containment potential of a containment system.

22, Based on the limited number of tests conducted, there is no one
definite kinetic energy component, i,e,, translational or rotational, that
dominates the containment process. Fragment mass also has no apparent direct

relationship to fragment containment,

12



22. The containment test of the Doron-Alumina "ring" indicated that these
two materials have a potential for future containment/control systems.

23. The theoretical derivation and related curves of the energy distri-
bution of fragments from a rotating flat disk provide the total, translational,
and rotational kinetic energy per fragment for combinations of fragment
included angle and radius ratio,

24, High speed color film evaluation tests within Spin Chamber No. 1

have produced relationships between operating conditions (light intensity,
light duration, and a camera framing rate) and photograph quality.

25. The modification to certain photographic system equipment and
refinements of spin test techniques have increased the quality and quantity

of AED's testing.

26, Both the U.S. Commercial and Naval Aviation data reported herein

give evidence to the fact that uncontained failures present an ever increasing
danger to the operational safety of turbomachinery. The possible catastrophic

proportions of this problem demand a rapid solution,

13



RECOMM ENDAT IONS

27. Support should be continued for the AED's integrated program of
theoretical and experimental research effort toward the attainment of
satisfactory containment/control systems,

28. Additional program support should be enlisted to aid in the devel-
opment of theoretical models and analytical methods. Details concerning
such a supplemental program would basically provide a theoretical model
of the containment/control system under attack by fragments from a failed
rotor, This model would provide transient signatures of the fragment-
containment system and afford a basis for comparison between actual
hardware and computer simulation,

29. That phase of the RBP program concerned with the control or redirec-
tion of fragments away from critical areas (fuel tanks, fuselage, nearby
engines, heavily concentrated areas of control cables) and into less
sensitive areas should receive a greater portion of the program effort.
30. The containment section of all specifications relative to turbo-
machine qualification and/or certification should be reviewed in light of
the RBP program and the apparent differences between small engine and
ever-growing auxiliary power unit containment requirements.

31 A greater number of lightweight materials (fiber reinforcements
especially) and design innovations should be introduced into the program

for evaluation whenever the opportunity presents itself.

14



DESCRIPTION OF TEST EQUIPMENT AND INSTRUMENTAT ION

The following paragraphs will briefly describe the facilities used for
the tests reported. A more comprehensive and detailed description of the
Aeronautical Engine Department§ Containment Evaluation Facility can be
found in reference b.

SPIN CHAMBER

32. All the early disk and blade burst tests were conducted in Chamber 1
of the AEDCEF.

VACUUM SYSTEM

33. During most of these tests the chamber was evacuated to a pressure
of 8 mm Hg abs. using six Kinney "110" vacuum pumps.

DRIVE SYSTEM

34, A Barbour-Stockwell 8 inch air turbine motor (speed range 0-25000
rpm) was used to rotate the disks and rotors to the burst speeds., A
picture of this turbine and a drawing of the drive spindle and shaft
assembly are shown in plates 4 and 5.

35. The drive assembly shown was selected for use because of its
simple design, which permitted swift and inexpensive manufacture. These
were important considerations because invariably the drive spindle,
adapter and shaft were grossly deformed during each test,

36. The drive shaft arrester shown in plate 6 was used during the
latter phase of testing to constrain excessive lateral motion of the
drive shaft caused by the dynamic imbalance induced by a staggered
fragment burst. If the motion were not limited, the shaft became
progressively deformed and began whipping; often striking the contain-
ment device and causing excessive and unrealistic deformation.

During spin-up the drive shaft was not in contact with the bronze journal
bearings of the shaft arrester - a radial clearance of approximately
0.050 was provided, Only when the drive assembly became imbalanced
(after burst) and experienced relatively excessive lateral motion

did the drive shaft contact the bearings. This allowed the drive
assembly to retain its simply suspended configuration, (enabling the
assembly to seek its own center of rotation) until burst occurred.

This allows us to spin successfully, within our test speed range,

without critically balancing the rotors used.

HIGH SPEED PHOTOGRAPHIC SYSTEM

37. A high speed photographic system capable of taking 224 pictures at a
rate of 35000 pictures/second was used to photo-record events occurring
in the chamber. This system consisted of a Beckman & Whitely Model 350

L5



(Dynafax) continuous framing camera and two B&W Model 358 Electronic Flash

photo lighting units.

IMPACT STRAIN MEASURING SYSTEM

38. An impact strain measuring system was used to measure and

record the strains induced in the containment device by fragment impact.
This system consisted of four foil type strain gages, Wheatstone
bridges and two dual beam oscilloscopes outfitted with trace recording
cameras. The system provided four channels of photo-recorded (Polaroid)
continuous strain information,

PROCEDURES, METHODS & TECHNIQUES USED IN CONTAINMENT TESTING

TYPES OF FRAGMENT GENERATORS

39. Two types of rotors were used as fragment generators during the
course of testing,

a. Flat steel disks 7 inches in diameter, and 3/8 of an inch
thick that were manufactured "in-house', and

b. Axial flow rotors from various starters and engines.
Depending on the type of test to be conducted, these rotors were
"doctored" or modified to burst into fragments of specific shapes and
sizes (blades or disk sectors) at predetermined rotational speeds.

INDUCING A CONTROLLED DISK BURST

40, The rotors used for disk burst tests (whether they were actual
turbomachine rotors or flat disks) were modified as shown in plate 7.
This modification provided a disk configuration in which the anticipated
fragments (usually annular disk sectors - the size and shape of which
are governed by test requirements) were integrally connected to the hub
by what we termed '"tensile release sections.'" This name arises from
the fact that these release sections are placed in unaxial tcension

by the centripetal forces generated during rotor or disk rotation,

When a speed is reached that induces a tensile stress that exceeds

the material strength, the section fails and the fragment is released
from the hub., This configuration was used because:

a., Lt causes a unaxial tensile stress field to be developed
in the release section, rather than a more complex stress field as
other arrangements, such as in a webbed release section,

b. It increases the accuracy of burst speed estimation, Hand-
book values of material strength used to calculate the burst speed are
derived through unaxial tensile testing; the same type of loading that
the tensile release section experiences until failure,

L6



c. It is an easy configuration to manufacture, Tolerances are
not hard to hold because simple but accurate machine tools are used and
alsa there is less chance for tool scarring to occur.

ERRORS IN BURST SPEED ESTIMATION

41, A review of plates 1, 2, and 3 of Appendix 3 shows that there is
a difference between the '"design' or estimated burst speeds and the actual
burst speeds. This difference could be caused by any one or a combination
of the following:

a. Variations in the mechanicsl properties of the materials used.

b. Material imperfections.

¢, Dimensional deviations caused by the normal tolerances of
manufacture, .

d. Abnormal, but sometimes unavoidable, manufacturing deviations

such as tool scars which give rise to unaccounted for stress concentrations.

e. The simplifying assumptions used in pre-test stress analysis.

f. Experimental error involved in measurements (fragment weights
and centroids for example) taken for pre-test analysis.

All of these factors contribute toward causing a discrepancy between

the calculated and actual burst speed. It is difficult to predict what
the deviation will be for a particular configuration because these
factors can reinforce or cancel their respective effects, e.g., the error
in measuring or calculating a fragment centroid (say, making it smaller
than it actually is) might be offset by a material strength that is
actually higher than that used in the calculations,

PRODUCING A BLADE FAILURE

42, Blade failures at predicted speeds were induced by modifying
the blade as shown in plate 8. This consisted of reducing the area
normally required to support the centripetal load generated during
rotation. A straight-forward centripetal force analysis was used

ouA = (W/g) Tw? to determine the burst speed. We found that the

simplest and most accurate way to get the values of W (the weight)
and T (the centroid) for a particular blade was to determine them
experimentally,

17



PHOTOGRAPHING A DISK OR BLADE BURST - SOME PROBLEMS & TECHNIQUES

43, The type of equipment used to take high speed photographs of
bursts has been described in paragraph 37. Now we will discuss
some of the problems encountered in our particular application of
this equipment and describe the techniques we used to solve these
problems., But first let us describe how the equipment was used.

44, The subject, usually a turbine rotor or disk suspended from
a drive system mounted on the chamber lid, was illuminated by
reflecting the lighr from the photo flash unit heads off a flat
front surface mirror centered below the subject and inclined at an
angle of 45° from the optical axis of the photo light reflectors,.
Two photo lighting heads ronsisting of a flash tube and reflector
were used. They were positioned inside the chamber between the
vacuum shell and steel protective liner. Pictures were taken of the
subject image formed by the same mirror used to transmit the light,
Similarly, the optical axis of the camera taking lens formed an
angle of 45° with the plane of the mirror. Refer to plate 9 which
shows the set-up just described. To take high speed pictures:

the test cell was complerely darkened; the camera was accelerated
to the desired framing rare (it can maintain a constant framing
rate for as long as 30 minutes or as short as 5 minutes - depending
on the framing rate used); the camera capping shulter was opened;
and the event or burst which triggered the photo lighting system
was made to occur, Details on how the event was used to trigger
the photo lights are precented in reference b. The duration of

the photo lights were selected so that film rewrite on the continuous
film strip did rot occur. This was the procedure used to take
high-speed photographs of the bursts,

45, Now we will discuss some of the technigues used and
problems enccuntered in implementing these methods ard procedures.

a. The Photo Lighring System

(1) Photo flash tube voltage breakdown difficulties~
The flash tubes used in the photo lighting heads that operated inside
the spin c¢hamber experienced a volitage breakdown whern the chamber was
evacuated., These Fflash tubes, although they were rated and performed
satisfactorily at normal atmospheric conditions, could not function
without arcing under the vacuum conditiohs imposed oo them during
test. The solution ro this problem was to envelop the photo
lighting head and vent the envelcpe to the atmosphere. This was
done as shown in plate 10 without lessening the lighr output ot the
tube OTr restricting the flexibility and function of the photo
lighting head assembly.



(2) Increasing the light coverage - The photo lighting head
consists of a flash tube& a tubular casing that houses the flash
hyperbolic reflector whose illumination focus could be varied by
sliding the reflector along the axis of the casing. Refer to plate
10, For a fixed light to subject distance (as was our case), the
area covered by the light when focused for maximum intensity is also
fixed. In some instances, where large rotors were to be photographed,
the focused light coverage was not enough to satisfactorily illuminate
the entire area of interest. In these cases a fixed focus 7 inch
diameter parabolic reflector (Graflex press type reflector) was used
to increase the light coverage with good results.

b, Film

(1) Black and White - Very satisfactory photos were taken
using both Kodak 2475 and 2485 films. The 2485 film is about twice
as fast as the 2475 and extends our picture taking capability using
the photo lighting system described to include the entire framing
rate range of the camera, which is 200 to 35000 pps. In all cases
these films were processed as specified by the manufacturer in
references f and g.

(2) Color - A photo system test program was conducted
using Kodak type EF5241 Ektachrome Color film. The purpose of this
program was to determine at what maximum camera framing rates could
satisfactory color pictures be taken using either one or two of the
photo lighting units when operated at their three difference light
intensity output settings. The results of these tests are presented
in plate ll. They indicate that good photos can be taken at camera
framing rates as high as 15,000 pictures/second when using two photo
lighting units set for maximum light output intensity,

c. Camera (Dynafax)

(1) Film loading - The most difficult operation when using
the Dynafax camera is loading the film into the camera. It is not
physically difficult to load the camera. The problem lies in being
sure that the film is properly installed and has not fallen, or will
not fall, from its mounting groove. The corrective procedure we
established is to load the film, place the camera in a darkened room
(or darken the room in which it is), remove the loading cassette and
feel, by hand, if the film is firmly in place. It is worth the extra
time it takes to go through this procedure because there is no way of
telling if the film is not mounted properly or has fallen until after
the test has been conducted, and this is an inopportune time to make
the discovery.
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(2) Optical System-Subject Alignment. Plate 9 shows the general
arrangement of camera, photo lights, and imaging mirror used to take high
speed photographs of the burst tests conducted., Since the pictures taken
were to be used to get quantitative data describing the burst (such as
fragment motion, speed, orientation, etc), the subject, camera optical
system, and mirror had to be properly aligned. Proper alignment of these
elements satisfied the following conditions (refer to plate 12),.

(a) The plane of the mirror made an angle of 45° with
the absolute horizontal plane.

(b) A plane parallel to the horizontal plane and containing
the optical axis of the camera system made an interior angle of 45° with
the mirror plane.

(c) The line of intersection formed by the plane containing
the optical axis and the plane of the mirror was perpendicular to the
optical axis of the camera system,

(d) The normal reflection of the optical axis plane was
perpendicular to the subject plane of rotation.

46, If proper alignment were not made, data reduction from the films
would be inaccurate or the data reduction analysis would be complicated
by numerical compensations for misalignment - if these compensations
could be made at all. To meet the requirements stated for proper
alignment, the following methods and procedures for aligning the camera-
mirror-subject system were used: A string, weighted at both ends, was
strung horizontally across the chamber; crossing between the mirror and
the subject. The end portions of this string passed through two eye
bolts mounted opposite one another on the chamber wall and hung vertically.
The eye bolts were positioned so that the horizontal string passed under
the center of rotation of the rotor, and one leg of the vertically hung
string passed over the center of the circular photo port. The weights
at each end of the string held the section crossing the chamber taut and
the vertical section plumb or normal to the horizontal plane (refer to
plate 13).

47. The camera mounting surface was leveled (using a spirit level)
and the camera was positioned so that its optical axis intersected the
two vertically suspended strings. This was done by sighting through
the camera focusing fixture and moving the camera until both strings
appeared to coincide and passed through the center of a cross scribed
on the camera focusing device.
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48, The angle of the mirror was adjusted to make an angle of
459 with the horizontal plane by using the spirit level-angle
arrangement shown in detail A on plate 13,

49, The mirror was then placed beneath the subject (and the
string) and adjusted for angle as previously mentioned. When
viewing through the camera focusing fixture and the photo port,
the two vertical strings and the reflection of the horizontal
stretched string appeared to coincide, then the camera-mirror-
subject components were considered properly aligned. Lf the
strings did not coincide, then the mirror was rotated until they
did,
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ANALYSIS OF RESULTS AND DISCUSSION.

Test Objectives and Data Compilation

50. Phase 1V testing was designed to basically accomplish four
objectives:

a. Determine the fragment kinematics associated with a
rotor burst.

b. Investigate the major parameters affecting the basic
interactions between fragments from failed high speed rotors and
their casings or containment shrouds.

¢c. Obtain an understanding of the behavior of certain
materials, having an apparent potential for use in a lightweight
contaimment/control system, under the attack of rotor fragments.

d. Dewelop test equipment and techniques necessary to
provide large quantities of quality data.

51, The results of AED's first 21 spin tests are qualitatively
reported herein., A detailed compilation of these tests is presented

in Appendix 3. This compilation is divided into four sections:

a. Test objectives, photographic coverage, and burst
speeds. (Plates 1, 2, and 3, Appendix 3).

b. Fragment generator details (Plates 4, 5, and 6, Appendix 3).
c. Containment system details (Plates 7, 8, and 9, Appendix 3).

d. Photographic system .details (Plates 10, 11, and 12,
Appendix 3).

52, The following comments in this report are of a qualitative
nature. A detailed quantitative examination of the high speed
photographs is now in progress and will be reported in subsequent
reports.

FRAGMENT TRAJECTORY AND MOTION

53. The initial portion of the AED program was to investigate
the basic kinematics of fragments from failed rotors and their
interactions with containment rings.
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Flat D§§k

54, A flat, uniformly thick, disk was modified to fail at 10,000 rpm
and produce three annular sectors and a hub section. The failure
occurred at 12,100 rpm and produced two annular sectors and one fragment
composed of the third annular sector connected to the hub section.
Pictures 2-1, 2-5, 2-9, and 2-13 of test No. 2 are shown on plate 14,
There is a time interval of 200 x 10-6 seconds between each picture,

The ring that the fragments are passing through is a photo triggering
strip. It is made of a plastic film and presents negligible resistance
to the fragments. The arrow in the pictures indicates the direction of
disk rotation. Fragments A and B are seen to behave wvery much as
illustrated on plate 15; i.e,, the fragment rotates about its own center
of mass as it travels along a tangential path,

ROTOR BLADES

Single Blade Failures

55. This complex fragment motion is also evident from examination
of the pictures from test No. 10.

56. Plate 16 records the action of a blade from a turbine rotor

of a "small" turboshaft engine as the blade interacts with a mild

steel containment ring. Plate 8 shows the modified blade. The ring

had a radial thickness of 0.125 inches. The length of the blade fragment
was 3.5 inches from the blade tip to the area in the blade platform that
was physically reduced to ensure failure at that location and at the pre-
determined burst speed. The initial strike of the blade against the ring
causes the electronic flash unit to operate. The rapid rise time of the
flash unit permits the recording of almost the entire interaction.
Picture 10-1 records the initial blade strike. The rotor was rotating
counter-clockwise as is indicated by the arrows in the photograph. The
The blade struck with its tip attacking the ring at approximately the

10 o'clock position, Pictures 10-1 to 10-6 (plate 16) record the action
of the blade as it continues to rotate in a CCW direction, Note that

the area of the originally circular ring experiencing the impact is
beginning to bulge.

57. The gross distortion of the 0,125 inch thick ring due to the
impact of only the 0.08 pound blade is illustrated in the pictures on
plate 17, The distortion at the 10 o'clock position causes that portion
of the ring diametrically opposite the impact area to move inwardly and
reduce the radial clearance between the blades remaining on the rotor
and the containment ring, The ring distortion shown in picture 10-33
has taken place in approximately 2131 x 10-6 seconds. During this time,
the rotor traveling at 21,200 rpm, has made slightly more than one
revolution; the blade fragment has moved approximately 110° around the
inner circumference of the ring., The blade fragment was apparently not
struck by the blades that remained in the rotor.
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58, Plate 18 shows blades numbered 2, 3, and 4 leaving the rotor

and impacting the ring. Examination of the entire set of test No., 10
photographs indicates that blades 2, 3, and 4 rub against the

inwardly displaced section of the ring (approximately 4 to 2 o'clock
position) prior to blade failure, Pictures 10-35 and 10-38 show blades
3 and 4 rubbing the ring. It is suggested that this rubbing established
a stress condition in the blades such that the last three blades all
failed at the same position and struck the ring in a small concentrated
area.

59. The post-test photograph of the containment ring of test No. 10
is shown in plate 19, The ring area that experienced the blade rubbing
is shown on the right of the photo; the impacted area is on the left
side, Plates 20 and 21! show, in detail, the total damage to the

rubbed area and impacted area, respectively, of the ring.

60. A four-single blade burst, similar to test No, 10 was performed
within a steel ring during test No. 7., High speed photographs were not
obtained from test No, 7 and therefore it can only be assumed that the
No, 7 blade failure was similar to No, 10, Plate 22 indicates the amount
of total distortion experienced by the No. 7 containment ring. Comparing
this post-test photograph with plate 19, a large difference in ring
distortion can be seen. Two major parameters contributing to this
difference are probably ring thickness and radial blade clearance. The
ring from test No. 7 was twice gs thick (0.250 inches vs. 0.125 inches)
as the No, 10 ring; and the No., 7 test had a smaller radial clearance
(0,475 inches vs, 0.6875 inches) than the No. 10 test.

Partially Full Rotor (Blade Hammering)

61. An important item that demands consideration when the containment/
control of a rotor fragment, especially a blade, is studied, is the effect
of the remaining portion of the rotor upon the released fragment as it
tries to escape. Test No. 11 was designed to investigate this phenomena.
A power turbine rotor from a '"small" gas turbine engine (the same as tests
numbered 7 and 10) was modified as shown in picture 11-0 of plate 23.

Four blades were modified to fail just above the fir tree section

at military speed. These blades were equally spaced around the

disk. One unmodified blade was placed in front of (relative to

the direction of rotation) the modified blade and two unmodified

blades were fixed into the disk immediately behind the modified

blade. The containment rings of test No., 10 and 1l were similar

in material and size. The burst speed of the rotor of test No. 11

was 1450 rpm (21200 rpm vs. 19750 rpm) less than test No. 10 burst.speed.
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62, Unfortunately, there was an excessive time delay in the
flashing of the electronic flash unit in test No, 11 and the film
record was not initiated until all four blades had failed,
interacted with the ring, and the ring had experienced a large
amount of distortion, Picture l1-1 of plate 23 is the first picture
of this series.

63. A post-test photograph of the containment ring from Test No.
11 is shown in plate 24. The area at the top of this photograph
experienced the most damage. It is a very difficult task to deter-
mine what fragment caused what indentation or gouge mark. Plate 25
is a close-up of this damaged area. The direction of rotation is
clockwise when viewing plate 25; i.e., the fragments moved from
left to right. Many of the blades experienced a large amount of
damage and it cannot be definitely determined whether they were
damaged by their interaction with the containment ring or the

spin chamber floor after the failure, What can be determined by
matching fragment shapes to ring indentations is that gouge "A"

on plate 25 was made by the section of the blade that had been
reduced in the platform section; i.e,, the blade was rotated

around so as to strike with its base section. Impact area 'B"

was caused by the striking of the convex side of a blade against
the ring. Impact area "C" was apparently caused by the impact

of the flat side of the blade platform section.

64, The airfoil section of all the failed blades were bend
over approximately 180° so as to form a "curled" tip.

65. Tests are scheduled at the AED to further investigate this
"blade hammering' phenomena.

66, Test No, 16 was a three single-blade failure from a medium
size jet engine turbine rotor. The high speed photographs were
prematurely triggered (probably by a blade rub condition) prior
to blade failure so no useful information was obtained from these
pictures., A post-test examination of the fragments and ring

did not produce any definite data.

EFFECT OF RADIAL CLEARANCE

67. A qualitative idea of the effects of radial clearance is
obtained by comparing the action of tri-hub bursts in tests No, 4,
6, and 12, All three bursts produced the same type of annular
sector fragments,
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68. For test No, 4, the disk was 7.0 inches in diameter. This

disk rotated inside a thin (0.0625 inch) steel containment ring

having an inside diameter of 18,00 inches. This disk-ring combination
provided a radial clearance of 5.5 inches. This relatively large
clearance permits a great deal of fragment movement before ring
interaction. Photograph 4-1 of plate 26 shows fragment A as it just
leaves the disk, Photograph 4-9 (1504 x 10-6 seconds after photograph
4-1) shows the sharp outside diameter corner of fragment A about

to make contact with the containment ring. Photograph 4-11 records
fragment A rotating about one side (this side is not penetrating the
containment ring). The other side of the fragment is speeding

toward the ring. In photograph 4-13, fragment A pierces the ring
with the second side, and fragment C, remaining attached to the hub
section, is just about to strike the containment ring with a pointed
section of the fragment. This corner of the fragment penetrates the
containment ring as the hub section is rotated into and through the
ring. In photograph 4-21, fragment A has almost completely perforated
the ring while fragment C is approximately one-half the way through
the ring. Note thering is elongated at the points of impact and

the ring sections between these impacted areas are displaced inwardly.
Photographs 4-21 and 4-23 record the outside diameter edge of fragment
B attacking the containment ring. Photograph 4-24 shows fragment B
deeply imbedded in the ring. Fragment B did not penetrate the ring.

69. The damaged containment ring of test No. 4 is shown in plate
27. When you compare this photograph to picture 4-24, it is evident
that a goodly portion of the ring damage was done after the fragments
interacted with the ring; probably when the intentionally fragile
containment ring supporting chains fell and allowed the ring to fall
to the spin chamber floor. This type of information is a highlight
of the effectiveness of the AED's high speed photographic system.,
Prior to this system, there would be no way of determining what
portion of the action occurred at what time period,

70, Photographs 28, 29, and 30 detail the areas of the containment
ring impacted by fragments A, B, and C, respectively.

71. Photograph 28 shows the opening in the ring produced by frag-
ment A as it sheared a plug about 507 of the opening length and
ripped through the remaining opening. The upper right corner of this
photograph shows the inside portion of the ring contacted by fragment
C. DNote how the ring '"folded" around the fragment.

72. The shape of the outside diameter edge of fragment C is easily
recognizable in photograph 30,

73. The perforated ring area attacked by the large hub-sector
fragment B is shown in picture 29, The strip of material sheared and
then bent over is typical of the perforations of many of the metal
rings.
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74, For test No, 6, the disk was 7.00 inches in diameter and the
steel containment ring had an inside diameter of 14,95 inches. This
disk-ring combination established a radial clearance of approximately
4,0 inches. From photograph 6-2, plate 31, it is seen that all the
annular sector fragments left the hub section within a very short
time period and moved out toward the ring. Photograph 6-6 shows

all three fragments having passed through the thin plastic photo-
triggering system and fragments A and B striking the ring at the
same instant. 184 microseconds later in photograph 6-7, it is seen
that a section of the ring between fragments A and B has separated
from the remainder of the ring. Fragment C has just made contact
with the ring. Photograpbh 6-18 shows fragment A, in contact with
the smaller ring section; bending this section into an "S" shape.
Fragment B remains in contact with the larger ring segment, for-
cing it also into an "S" shape. The side edge of fragment C
penetrated the contaimment ring. Note that all three fragments are
continuing to rotate as they continue to move outwardly. Photograph
6-24 records the maximum penetrarion of fragment C into the ring.
Post-test investigations (plate 32) revealed that fragment C remained
wedged in the ring. Plate 33 shows the area of the containment ring
struck by fragment C. A plug of metal is sheared from the ring

very similar to the action of a punch-press.

75, Unlike tests No. 4 and 6, which had relatively large radial
clearances, test No. 12 was conducted with a comparatively '"tight"
(0,4375 inches) radial clearance. Plate 34 is a drawing of the
containment ring used for test No. 2. This ring is shown prior

to tests in plate 35. A typical strain gage installation can be
seen. The leads and electrical connectors from the four strain gages
are noticeable in the upper right corner of the photograph. The
white compound on the leads is a sealant used to support the strain
gage leads and prevent fhem from roming off the terminal strip. The
thin center section was decigned %o be marginal relative to
containment capability., The heavier flange secticns were necessary
to properly manufacture and position the ring.

76. The first photograph of the action sequence (photograph 12-1),
plate 36, shows the fragments A and B have both left the hub section
and have contacted the contaimment ring with their outside diameter
edge. Fragment C is still attached to the hub section and has not
contacted the ring.

77. Probably the most important effect of radial clearance between
disk and ring now becomes evident. Unlike tests No. 4 and 6 where
the large clearances pemmit a multitude of possible initial *ragment
impact orientations, a close clearance of test No. 12 restricts the
initial impact orientation. 1In this particular disk-ring
combination, only the outside diameter edge of the fragment can make
initial contact, ‘
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78, In photograph 12-9, all three fragments are attacking the
ring forcing it from its original circular shape, into a triangular
shape.

79. In 1560 x 10-6 seconds, fragment C first breaks away from the
hub section. This is shown in photograph 12-21. 1In this photograph
it can be seen that fragment A has rotated from its initial position
in photograph 12-1 (approximately 11 o'clock) to a 1 o'clock position,
and fragment B has moved from 7 o'clock to 9 o'clock, The triangular
shaped ring of photograph 12-9 is now seen to be more elliptical

than triangular.

80. A comparison of the location of one of the ring index marks

in photograph 12-1 with its location in photograph 12-21 indicates a
point of interest. Although the freely supported ring has undergone
a large amount of deformation in the time period (1560 x 10" seconds)
the ring has only been rotated approximately 3° by the impacting
fragments,

81, Photograph 12-33 shows that fragment A has moved into a
position where it is now moving toward the containment ring with a
pointed corner, Prior to this moment, the fragments were sliding
around the inside of the ring with their smooth outer diameter edges.

82, Fragment A has just penetrated the ring in photograph 12-43;
i.e., the containment ring was not perforated until approximately
3276 x 10-6 seconds after the disk burst. At this instant, the
containment ring hasonly rotated approximately 18°, Photograph
12-57 shows fragment A penetrating into the ring. Note that the
fragment is continuing to rotate about its center of mass as it
penetrates. In 6708 x 10"% seconds (photograph 12-87), fragment A
has completely penetrated the ring. Fragments B and C are still
rotating within the ring.

83. Photograph 12-125, the last photograph of this action
sequence, shows that fragments B and C are still inside the contain-
ment ring after 9672 x 10-© seconds.

84, A post-test photograph (plate 37) of the underside of the
containment ring shows the final ring distortion. Plate 38 shows the
opening through which fragment A passed. The large amount of plastic
working of the thin center as it was forced outward by the fragments
is apparent in this photograph. The two "ring index'" marks can also
be seen, Plate 39 views the ring from another direction. Again, it
can be seen that the center section experienced gross deformation
over the entire section,
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STRESS CONCENTRATION EFFECTS

85. An interesting aspect of test No. 6 was the affect of stress
concentrations on the behavior of impacted containment rings. Plate
40 shows the 0.010 scribe marks placed on the outer surface of the
ring. This grid system was established to assist in the determination
of plastic deformation of the ring. A post-test photograph of the
contaimment ring is shown in plate 32. The fracture of the ring in
the areas struck by fragments A and B occurred along the longitudinal
grid marks (plates 41 and 42, respectively). The partial cracking

in the larger segment of the containment ring (plate 43) occurred
parallel to one of the longitudinal scribe marks.

86, In comparison to this action we can look at a similar test
(No. 5), that unfortunately, did not produce high speed photographs.
The following comments are therefore based only on post-test
investigations.

87. A similar tri-hub burst was produced at a slightly higher speed
than test No. 6 (13800 rpm vs, 12750 rpm). The containment ring for
test No. 5 was 0,024 inches (0.252 vs. 0.228) thicker than the ring
for test No. 6. The three annular sector fragments from test No. 5
apparently struck the ring simultaneously and at points equidistant
around the inner circumference (plate 44), Two of the fragments
left imprints in the ring but did not crack or penetrate the ring.
The third fragment partially sheared a plug from the ring. Plate 45
details this plugged section still attached to the ring. This
plugging action is very similar to that produced by fragment C of
test No. 6.

88, Due to the very different results of what could be considered
fairly similar tests, one must consider the effects that intentional
or unintentional stress raisers, such as ring stampings, holding
mechanisms (holes, clamps, etc.), could have on the final behavior
of a containment ring. This particular area is scheduled for
additional investigation by the AED.

Starter Rotor Tri-Hub Burst

89. The objective of test No. 20 was to investigate the behavior
of a steel ring having the same inside diameter, axial length, and
weight as the Energy Absorbent Resin ring of test No. 8. The ring
was to be attacked by a tyi-hub burst of a starter rotor. Plate 46
shows the modified starter rotor ard containment ring in position
beneath the spin chamber center cover assembly.
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90. The quality of the high speed photographs was not sharp enough
to reproduce in this report but certain qualitative data was obtained.
The first photograph of the high speed sequence indicated that all
fragments had separated from the hub and interacted with the ring.

The ring in this photograph has a triangular shape. One of the
fragments ricocheted out of the plane of rotation and ended its
interaction with the ring at 950 x 10-6 seconds after the first
picture. A second fragment ended its contact with the ring at approx-
imately 1710 x 10”° seconds. The last fragment rebounded out of the
ring at 3040 x 10-6 seconds after the first picture.

91. The post-test photograph of the containment ring of test No.

20 (plate 47) is very similar to that of the No. 5 test ring, Plate

48 records one of the three areas of the inside of ring No. 20

showing the indentation of the bladed edge of the rotor fragment. This
marking indicates the fragments remained in one area relative to the
ring distortion.

92, This triangular shape of containment rings that have experienced
deliberate tri-hub bursts during containment tests is very common, It
is suggested that, although the tri-hub produces a fragment possessing
the maximum translational kinetic energy per fragment, this type of
rotor failure may not necessarily be the most critical type to impose
upon all types of turbomachinery. The fact that the fragments from a
tri-hub burst tend to distort the ring evenly may be less hazardous than
a burst that produces a different distribution of fragments, such as a
single pie-shaped fragment from a rotor,

93. AED has no definite recommendations concerning the type of
test that should be required for various turbomachines to satisfy
the containment section of appropriate specifications, but we do

suggest that these specifications be re-evaluated in light of the
data produced by the Rotor Burst Protection program,

MATERIAL EVALUATION

94, In addition to the study of fragment-containment/control
system interactions, AED effort includes a sub-program to investigate
the potential of various materials that either intuitively, or

because of their performance in other fields, such as lightweight
armor, shock absorption, etc., look promising. Only three materials
were investigated during this phase. Many more materials, and
combinatiors of materials, will be investigated during subsequent tests.

95. Test No. 17 provided an interesting insight into the possible
used of "Doron" and "Alumina', aluminum oxide (Al;03).
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96. Doron is fabricated from various plies of unidirectional Fiberglas
fabric (made to Military Specification MIL-F-9084, Glass Fabric,
Unidirectional) which are laid up with alternate plies oriented 90°

to each other and bonded together, usually with a general-purpose poly-
ester thermal setting resin purchased under Military Specification
MIL-R-7575 entitled "Resin, Polyester, Low-Pressure Laminating", ref-
erence 5 (Ballistic Technology of Lightweight Armor Materials by
Francis S, Mascianica, U. S. Army Materials Research Agency, Watertown,
Mass., September 1964, AMRA MS 6407). The Doron plates, curved,

5 inches x 5 inches x 1/2 inch, weighing approximately 0.876 lb/plate,
used in test No, 17, were provided to the AED by the U.S. Army Natick
Laboratory, Natick, Mass. These curved panels were originally designed
for use as fighting armor inserts.

97. The Alumina tiles, 5 inches x 5 inches x 1/2 inch, weighing
approximately 1.67 lb/tile were supplied to the AED by the Naval Research
Laboratory, Washington, D. C. Investigation of the capabilities of cera-
mic materials, such as aluminum oxide (Al503), in the field of ballistic
protective armor, has indicated that they hold considerable promise

for this application when combined as a layer-type composite with other
materials,

98. Plate 49 shows the Doron-Alumina composite '"ring' used for test
No. 17. The Doron and Alumina tiles were placed within a thin (0,125
inches) aluminum casing. The casing was designed to properly position
the tiles relative to the trajectory of the fragments and not necessarily
to provide protection,

99. The quality of the high speed photographs of test No. 17 was
only fair and the number of usable prints was limited. Photograph 17-0
of plate 50 shows the bladed gas generator rotor, modified to fail in

a tri-hub burst, inside the containment "ring" prior to the test.
Photographs 17-2., 17-3, 17-4, and 17-5 of plate 50 record the reaction
of the fragments as they interact with the Doron-Alumina tiles.

100. In photograph 17-2, the trailing blades of fragment A strike

the center of an Alumina tile. The blades were made from a nickel
based steel similar to most turbine rotor materials. The blade is
approximately 2.3 inches long; the airfoil section being approximately
1.8 inches. Approximately 1/2 of the blades on fragment A (the leading
blades) have not touched the tile., In pictures 17-3 and 17-5, the
trailing corner of the disk portion of fragment A is seen to be
approaching the tile, indicating the trailing edge blades are being
deformed and/or sheared from the disk., The post-test of fragment A,
plate 51, shows the first six blades of the trailing edge have been
sheared off while the remainder have been grossly deformed. The
fragment leading edge blades are bent in the opposite direction,
probably due to the secondary impact of the fragment,
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101, Fragment B makes its initial contact with a Doron panel in
picture 17-3. All but the five leading blades are making contact. The
post-test photograph of fragment B (plate 51) shows that all but three
blades (near the trailing edge) have been sheared off just above

the fir tree section. A detemmination of when this damage occurred
cannot be made.

102. It isn't until picture 17-4 of plate 50 that fragment C,
attached to the hub section, contacts a Doron panel, Picture 17-5
shows that only about 1/3 of the blades (at the trailing edge) are in
slight contact with the Doron. Post-test photograph of fragment C

indicates a small amount of damage was done to all but the four trailing

blades., Three of the blades were forced out of the disk during the
test and are shown beside fragment C,

103, The aluminum supporting "ring" did not begin to separate
until 580 x 10-6 seconds (picture 17-9) after the first picture was
taken., The curved pqrtion of the aluminum “ring' apparently failed
in picture No. 17-11 (725 x 10-6 seconds). The Alumina tile support
was still intact at the last discernible photograph, picture 17 15
(1015 x 10- 6 seconds) after the first picture.

104, The very hard surface of the Alumina tile produced very
advantageous effects relative to containment/control:

a. The sharp edges of the blades and fragments are
removed either by abrasion, bending or curling fragment edges. This
dulling of the fragment cytting edges is especially important when
these hard face materials are used to front composite designs using
softer back-up materials (metal, plastic, or fibers) that are
susceptible to cytting or slicing.

b. The shattering of the hard surface distributed the
fragment load over a greater area of the backing material, thereby,
reducing the impact stress.

c. Much of the fragment's energy is dissipated in
causing the defommation of rotor fragments.

105, Plate 52 pictures two Doron inserts and the fragments of an
Alumina tile after test No. 17. The ripping across the center of the
inserts is in the plane of rotor rotation. 1t cannot be detemmined

if the damage to the Alumina tile was caused by the fragment impact

or by the fall to the spin chamber floor. The tape on the inserts and
tile is part of the photo-triggering system.
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106. Plate 53 shows two Doron inserts from test No. 17 and a new
insert. Note the extreme delamination of the two impacted inserts,
Fragment energy is dissipated by the Doron as it experiences inter-
laminar shear.

107. Previous limited attempts by others to use reinforced plastics,
similar to Doron, in spin tests, reported that the metal fragments
shredded the material ard then penetrated the ring. Containment of
similar rotor failures in spin tests, were achieved by placing a

steel ring inside the reinforced plastic ring. Apparéntly the hard inner
steel ring removed the sharp edges from the fragments and helped to
distribute the impact load.

108, Future AED testing will include various combinations of
contaimment/control systems utilizing various ceramics and reinforced
plastics,

109. Test No. 17 was originally attempted as test No. 9 which was
unsuccessful when the rotor to drive spindle retaining mechanism
failed and allowed the rotor to fall to the spin chamber floor., No
contact was made between the rotor and the containment device.

110. Another material tested for its possible use as a containment/
control material was an Energy Absorbent Resin (EAR). This material
reportedly has a high internal friction characteristic.

111. For test No. 8, a typical starter axial turbine rotor was

made to fail in a tri-hub burst into a ring made of EAR. High speed
photographs were not obtained from this test. A post-test examination
showed the EAR ring was fragmented into many small pieces; the largest
being approximately one-third of the ring. 1t was suspected that a
large amount of fragment energy could be absorbed by the fragmentation
of the ring material if the material and fragments had remained in
contact with one another for a longer period of time. It was this
suspicion that led AED to wrap a nylon cloth around the outer
circumference of a second EAR ring (test No. 19). The nylon used

was from a sample (provided by the U.,S. Army Natick Laboratory,
Natick, Mass.) of cloth, nylon, ballistic, 2 x 2, basketweave, 13.5
oz. min,, 15 oz. max,, square yard.

112, A drive shaft failure during the acceleration of the starter
rotor fragment generator during test No. 19 prevented an evaluation
of the nylon wrapped, EAR ring. Test No. 19 will be repeated,
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FRAGMENT SHAPE EFFECTS

113, A series of tests was conducted to investigate the effects
of fragment size on the containment of fragments from bursting
rotors. Definite conclusion cannot be made concerning the results
of these tests due to the limited number of tests conducted, but
certain insights can be gained.

114. This series was composed of tests No, 12, 13, 14, 15, and 21
(a repeat of test No. 14). Details concerning these tests, including
fragment kinetic energies, are presented in plate 54. All tests

used the same type of ring as described in plates 34 and 35,

115, The results of test No. 12 were presented in the "Effects of
Radial Clearance" section of this report, Each fragment theoretically
possessed 32.37% of the total kinetic energy of the rotor, 21.1% being
the translational component and 11.27 being the rotational component.
One of these fragments from test No., 12, weighing 1.178 pounds, did
penetrate the containment ring,

116, For test No, 13, a bi-hub burst was produced. Each fragment
weighed 0.59 pounds (1.768-1,178) more than a fragment of test No., 12.
Unlike test No. 12, the individual fragments of test No, 13 had as its
major kinetic energy component its rotational component (30,87 of the
total rotor energy) as compared to its translational component (18.77).
A review of the high speed photographs of test No, 13, plate 55, shows
the gross deformation of the ring but indicates that neither of the
fragments penetrated the ring. This hints that fragment mass is not
necessarily the dominant. factor when studying containment. Fragment
total kinetic energy cannot be directly applied as a containment
design parameter either since the individual fragments of test No. 13,
that were contained, possessed more than twice the total kinetic
energy (39536 in.-1lb) vs. 16237 in,-1lb) as an individual fragment

of test No. 12 which was not contained.

117. The once circular ring (picture 13-0, plate 55) has been

grossly elongated along an X-axis in 584 x 10-® seconds after the first
picture (picture 13-9). The two fragments continue to distort the ring
until it is elongated along a Y-axis (picture 13-49)., This elongation
is attributed to the working of the ring material and not to the
rotation of the ring. The fact that the ring has rotated only slightly
can been seen by noting that the "ring index mark" (circled on plate 55)
has moved only a small amount in the clockwise direction. In the

later pictures of this test (pictures 13-73 to 13-137) the disk fragments
continue to reshape the ring, This reshaping has the effect of

reducing the amount of out-of-roundness noted in the earlier pictures
and the ring is also rotating more, One reason for the increased
rotation of the ring is the impact of the hub section into the ring
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(picture 13-87). In pictures 13-113 and 13-137 it is seen that fragment
"'a" is moving toward the chamber lid and out of the plane of rotation,
Fragment '"b" remained in the plane of rotation for the duration of

the high speed photographs.

118, Plate 56 shows the post-test photograph of the test No. 13
containment ring, Post-test examinations revealed that this ring
experienced the greatest permanent elongation of all similar rings.
Plate 57 details the damage done to the thin center section of the
ring. The opening at the bottom of the photograph was caused by the
hub impact. This opening, that extended approximately one-third

of the way around the ring, was caused by a rip in the section and

a bending outward of the material. The opening was not large

enough for a fragment to pass through. The damage at the top of the
photograph was caused by two small circumferential rips in the
center section. No material was missing from the entire ring.

119. The large deformation experienced by the containment ring of
test No. 13 is interesting to note, not only because the ring design
and material must be capable of undergoing such large plastic
deformation without failing, but also since, if this ring had been
constrained in some manner rather than freely supported as it was,
the restraining or supporting system would have to be so constructed
to either permit this varied movement without failing at the
connecting point or strong enough to restrict the movement of the
ring. If the ring movement is restricted, the stress distribution
in the ring will be changed.,

120. Some manufacturers of jet engine starters design their

axial turbine rotors to fail at a reduced section of the disk. This
reduced section is located just below (radially inward) the blade
holding section of the rotor and extends completely around the

rotor. At some speed greater than normal operating speed, the

rotor fails, releasing the rim section and thereby limiting the speed
of the larger hub section, since the driving blades are now

removed, and secondly causing a smaller fragment to attack the ring.

121. Test No, 15 was conducted to investigate this type of action.
Some of the high speed photographs of test No. 15 are presented on
plate 58. Picture 15-1 shows the initial contact of fragment 'a"
with the ring. In 608 x 10-© seconds after the first picture, the
disk, with two of the annular rim sectors still connected to the
disk, makes contact with the ring. In picture 15-15 (1064 x 10-6
seconds after the first picture), the ring experienced its largest
elongation (along a 45° axis), A review of pictures 15-19 to 15-99
indicates the complex action that is possible in a spin chamber test
where there are no axial restraints and the fragments may be deflected
out of the plane of rotation and entirely away from the containment
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device. Spin testing using actual components such as housings, exhaust
ducting, stator or guide vanes, etc., increase the complexity of ring-
fragment interaction since the fragments cannot move axially but are
redirected into the ring for secondary strikes. The evaluation of
containment tests using all or part of actual hardware are therefore
very difficult to analyze without the use of high speed photographic
techniques. Such techniques require that certain test compromises

be made between the use and location of actual hardware and photo-
graphic viewability.

122, Plates 59 and 60 show the contaimment ring after test No. 15.
Plate 59 indicates the firal out-of-roundness of the ring. Similar to
the action noted in test No. 13, the final distortion was not as elon-
gated as shown by the kigh speed pictures (picture 15-15 for example).
The total action of all the fragments restore the ring, to a certain
degree, to its original circular shape. Plate 60 details the distortibn
of the thin center section of the ring. The deepest indentation (bottom
of the photograph) was probably caused by the impact of the hub and
remaining two fragments as recorded in pictures 15-9 to 15-27.

123, The high speed photographs of test No. 21, a quad-hub burst,
are presented in plate 61, The radius ratio (hub radius divided by
disk radius) for test No. 21 was the same as tests No. 12 and 13.
Plate 7 shows the type of disk used for tests No. 21 and 14, Test No.
21 was a repeat of No. 14 because we did not obrain high speed
photographs of test No. l4.

124, Picture 21-3 of plate 61 shows that in 196 x 10- seconds

after the first picture all four fragments had contacted the ring. The
equally spaced radial force loading is apparent in picture 2-19.
In picture 21-33, fragment "a'" is starting to penetrate the ring
as fragment "d" slips alongside (below in the photo) fragment "a
Picture 21-43 and 21-537 record fragment "a" as it passes through the
ring. Fragments "c¢" and "d" have left the ring in picture 21-95 and
fragment "a" is now completely through the ring.

125, The opening in the test No. 21 ring , caused by fragment
"a" is shown in plate 2. It is interesting to note the serrated
edges of the opening where the fragment caused a cutting action,
similar to a can opener, as it penetrated the ring and folded back the
thin ring material. This same type of serration was noted on the
post-test examination of the test ring from test No. 14, The two
openings in this ring are detailed in plates 63 and 64, Both

openings are large enough to pemmit the passage of the fragments of
test No. l4. The edge of opening "B" (top of plate 63) was

serrated. Marks on the outside of the torn metal strip of opening
A", plate 64, indicate it was bent back over the opening when the
ring struck the spin chamber floor after tte test., The edge of opening
A" was relatively smooth as if sheared in a press.
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CONTAINMENT RING-
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POST-TEST NO. 12 CONTAINMENT RING
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POST-TEST NO. 12 CONTAINMENT RING
BULGED-OUT CENTER SECTION
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POST-TEST NO. 6 CONTAINMENT RING
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POST-TEST NO. 5 CONTAINMENT RING
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TEST NO. 17
DORON-ALUMINA CONTAINMENT DEVICE

Alumina Tile
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POST-TEST NO. 20
CONTAINMENT RING DISTORTION

Area “'B”

Area 'A”
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POST-TEST NO. 13
CONTAINMENT RING DETAIL OF OPENINGS

Area ''B”

Area “"A”
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POST-TEST NO. 15 CONTAINMENT RING

PHOTO NO: CAN-383318(L)-7-67 PLATE 59



POST-TEST NO. 15
CONTAINMENT RING INDENTATION DETAILS

PHOTO NO: CAN-383319(L)-7-67 PLATE 60
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POST-TEST NO. 14 CONTAINMENT RING
OPENING "B DETAIL

Opening "B”
P Serrated Edges

opening tep
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TITLE

Commercial Air Carriers' Jet Powered Aircraft Experience,
1962-1967 (Operating Hours & Powerplant Shutdowns)

Commercial Air Carriers' Jet Powered Aircraft Experience,
1962-1967 (Uncontained Failure Rate & Uncontained Failures)

Commercial Air Carriers' Jet Powered Aircraft ,Experience,
1962-1967 (Failed Component Distribution)

U, S, Naval Aviation Jet Powered Aircraft Experience,
FY1960.FY1966 (Operating Hours)

U, S. Naval Aviation Jet Powered Aircraft Experience,
FY1960-FY1966 (Uncontained Failure Rate & Uncontained Failures)

U, S. Naval Aviation Jet Powered Aircraft Experience,
FY1960-FY1966 (Failed Component Distribution)
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APPENDIX 1 Al-2

U. 5. COMMERCIAL AND U, S. NAVAL AVIATION JET-POWERED EXPER IENCE

The Aeronautical Engine Department has continued its survey of
uncontained failures occurring in U, S. commercial air carrier and U. S.
Naval aviation jet powered aircraft operations., Gas turbine powered
aircraft are defined in this report to include all turbojet, turbofan,
turboprop, and turboshaft powered aircraft, This survey was initiated
as part of the Phase 1 program, The incident data presented herein has
been obtained from twe sources. The commercial data is abstracted from
the "Summary of Mechanical Reliability Reports" (MRR) published daily
by the Flight Standards Technical Division, FAA. Engine operating hours
and shutdowns have been obtained from the "Aircraft & Engine Report
published monthly by the Flight Standards Technical Division, AC-700,
Maintenance Branch, AC-730, FAA, P. O, Box 1082, Oklghoma City,

Ok lahoma 73101,

The U. S. Navy data is made available by the U. S. Naval Aviation
Safety Center, Records and Statistics Dept., Naval Air Station, Norfolk,
Virginia 23511l. This data has been abstracted from a compilation of
narrative briefs on aircraft mishaps involving compressor and/or turbine
disk/blade failures as cause factors and from the yearly "“USNASC Aircraft
Accident Statistics Reports."

The data presented in this report is the latest information

available to the AED as of 1 September 1967.
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COMMERCIAL EXPERIENCE

The general comments concerning the accident failure statistics
made in references ‘aand b are still applicable, In addition, it should
be noted that:

a, we define an uncontained failure as one that produces a
fragment that penetrates the engine casing.

b, we are considering only gas turbine powered aircraft, i,.e,,
turbofan, turboprop, and turboshaft,

¢c. the number of uncontained failures indicated here is the
minimum number since we have only considered éhose incidents that were
definitely documented to be uncontained.
The causes of failure are usually well documented but the resulting damage
is In most instances not defined sufficiently to definitely determine
containment,

Commercial air carriers are accumulating gas turbine powered
engine operating experience at an ever increasing rate, This is shown
on plate 1, The commerciallair line operators are now averaging well
over 1,000,000 jet engine operating hours per month, It is a favorable
safety trend to note that the gas turbine engine power plant shutdowns
(due to all causes) per 1000 turbine engine operating hours (lower
portion of plate 1) has steadily decreased even though the usage rate
continues to climb, The fact that the power plant shutdown rate is
decreasing indicates that the overall engine design, operating practices,

maintenance procedures, and failure sensing equipment are continually being
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improved. But even with these technical gains, the number and/or rate of
uncontained failures does not show a decreasing trend, The number of
uncontained failures per million engine operating hours shown on plate 2
indicates an alarming trend upwards. The lower portion of this plate
indicates the number of uncontained failures per calendar year. Within

the time period investigated, 12 March 1962 to 1l September 1967, a total

of 61 uncontained failures has been reported by the FAA, Since operating
hours data are only available for the first four months of 1967 at this
writing, only the eight uncontained failures that occurred during this
four-month period have been used in computing the uncontained failure

rate,

The uncontained failure problem has not plagued just a few airline
operators or particular aircraft types. Of the 61 incidents reported, 13
airlines have been involved and 1l different aircraft. The extent of damage
reported ranges from just a few holes in the engine cowling to a loss to

one aircraft of one engine and a 28 ft section of the outer wing panel,

What engine components are failing and leaving the casing to
cause more damage? A breakdown of these components is shown on plate 3.

Note the problem is not isolated to one particular item.
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U, S, NAVAL AVIATION EXPERIENCE

A review of USN data indicates similar patterns as noted with the
US commercial data. The usage rate, shown on plate 4, is seen to be
continually increasing to over 3,000,000 engine operating hours In fiscal
year 1966. Plate 5 shows the uncontained failure rate decreasing for
fiscal year 1960 to fiscal year 1963 but has since reversed itself and
is on the climb. The lower portion of plate 5 illustrates the yearly
distribution of definite uncontained failures. A total of 33 such
failures has been reported. The Navy uncontained failure problem,
similar to the commercial experience, 1s not isolated to one particular
powerplant component, The distribution of component cause factors is
shown on plate 6,

Both the US commercial and Naval aviation data give evidence to
the fact that uncontained failures present an ever increasing danger to
the operational safety of turbomachinery, The possible catastrophic

proportions of this problem demand a rapid solution.
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COMMERCIAL AIR CARRIERS'

JET POWERED AIRCRAFT EXPERIENCE
1962 — 1967
Operating Hours and Powerplant Shutdown Rate
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COMMERCIAL AIR CARRIERS'
JET POWERED AIRCRAFT EXPERIENCE
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U.S. NAVAL AVIATION
JET POWERED AIRCRAFT EXPERIENCE
FY 1960 — FY 1966
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U.S. NAVAL AVIATION
JET POWERED AIRCRAFT EXPERIENCE
FY 1960 — FY 1966

Uncontained Failure Rate and Uncontained Failures
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APPENDIX 2 A2-1

LIST OF PLATES

TITLE PLATE NO,
Ideal Rotating System 1
Centroid of the Area of a Circular Sector 2

Total Kinetic Energy of a Fragment (KEToT/KEp)
Versus Fragment Included Angle (A®) 3

Translational Kinetic Energy of a Fragment (KET/KEp)
Versus Fragment Included Angle (A©) 4

Rotational Kinetic Energy of a Fragment (KEg/KEp)
Versus Fragment Included Angle (A9) 5

Translational Portion of the Total Fragment Energy
(KET/KEtgr) Versus Fragment Included Angle (A9) 6

t
Total Kinetic Energy of a Fragment (KEpor/KEp) Versus
Fragment Radius Ratio (Rg) 7

Translational Kinetic Energy of a Fragment (KET/KEp)
Versus Fragment RadiusRatio (Rg) 8

Rotational Kinetic Energy of a Fragment (KER/KEp)
Versus Fragment Ratius Ratio (RR) 9

Translational Portion of the Total Fragment Energy
(KET/KETQT) Versus Fragment Radius Ratio (RR) 10
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LIST OF SYMBOLS

Uniform thickness of disk

Weight density of disk material
Rotational speed of disk

Disk burst speed

Radius of circular hub section

Outer radius of the disk

Radius ratio (r/R)

Total kinetic energy of a rigid body

= Translational kinetic energy of a rigid body

Rotational kinetic energy relative to the center of mass

= Moment of inertia of a disk with respect to the center of mass axis

Moment of inertia of an annular sector fragment about the axis of
rotation of the disk

Mass density of disk material

Total mass of the disk

Kinetic energy of the "whole'" disk

Kinetic energy of the hub section of the disk

Moment of inertia of the hub

Mass of the hub

Total kinetic energy of an individual fragment

Rotational kinetic energy of an individual fragment

Translational kinetic energy of an individual fragment

Included angle of a fragment

= Number of equally-sized annular sector fragments

Radial distance to fragment's center of mass
Mass of the fragment
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Whenever the subject of containment is discussed, the term "energy"
is used.

""How much energy must be contained or controlled?"

"A projectile has how much energy upon impact?"

"A target material can absorb "x" ft/1lb of energy,"

These questions and statements are all familiar and important to the
containment engineer. The energy possessed by the attacking fragments,
and the energy absorbing capacity of the containment material and/or
device are very dominant factors in an analysis of any containment system,

The energies related to a fragment from a failed turbomachine rotor
are much more complex than the energies considered when studying a bullet
penetrating & target material. This later field has received much atten-
tion in the past, whereas the former has not been studied with the vigor
necessary to substantially aid in the solution of containment problems.

During the AED's investigation into various containment practices,
it was noted that many failed to realize, or considered as insignificant,
the fact that the fragments from a rotor burst possess rotational as well
as translational energy. In order to clarify this concept and present
data concerning the comparative magnitudes of these energies for an
ideal disk, the following development is presented.

The following assumptions have been made (see plate | for illustration
of ideal system):
(1) An unbladed disk ig of uniform thickness (t) and is composed

of a material having a constant weight density (v).
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(2) The disk is suspended by a weightless rod from the underside
of a motor and rotates in one plane.
(3) The motor is capable of operating at any constant speed @),
(4) At the failure speed, all fragments instantaneously break
away from the disk and travel in the original plane of rotor rotation,
(5) The fragments do not interact with one another after failure,
(6) All fragments are sector shaped.

The most general disk that will be considered is one with a "central
hole,” This "central hole" is physically the hub section of the disk,
The radius of the hub is r. The remaining annulus section of the disk
is considered to fragment in an equal number of annular sectors. The hub
section remains intact and connected to the drive spindle, The more
specific case also to be discussed will be when the inner radius of the
annulus (r) becomes zero and the disk is considered to be "whole" or one
piece. When this "whole" disk ideally fragmentizes, an equal number of
pie-shaped sector fragments will be produced.

The ratio of the inner radius of the annulus (r) to the outer radius
of the annulus (R) can be defined as the radius ratio (Rp). This dimension-
less parameter will be used throughout this development.

As in the case of any arbitrary collection of particles, the total
kinetic energy of a rigid body (Epgp) can be expressed as equation (1)

(reference a),.
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Eror = E¢ + E* (L
where
Et = Translational kinetic energy (
Er = iMV2 (2)
M = Total mass of the body
V = Center of mass velocity
E* = Rotational kinetic energy relative to the center of mass

The first term of equation (1) is associated with the motion of the center
of mass of the body, and the second term with the motion relative to the
center of mass. In the case of a rigid body this latter motion is a
rotation, Rotational kinetic energy can be expressed in terms of the
moment of inertia about this axis of rotation as follows:

w2 f r2dM . . (3)

F1,02 (4)

E*

E*

Io is the moment of inertia of the body with respect to the center of mass
axis perpendicular to the plane of motion, Therefore the total kinetic
energy of a rigid body moving in a plane can then be expressed as

Eror = 3MV2 + 31,62 (5)
Since the disk ideally experiences no transverse movement, the trans-
lational portion of equation (5) is equal to zero. The total energy of
the disk is therefore just the wotatiohal energy” of theidisk asdetetmined

by equation (4),
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The moment of inertia of an annular sector fragment about the axis of

rotation of the disk can be derived as follows:

I= 24M
J& r
dM = rdr d& tp

6 r
I = jélzfr 202 ¢r dr dB t p)

1
e2 r
L=to/y [ 2 x3drade
1
_tp P24 4
I 7 jﬁl(k r?) do

= tp (R4 . 4
I=2P@®R- 1", .0

I=tp(8,-0)) [(RZ - r)(R2 + rz)]
4

(6)

7

(8)
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The kinetic energy of a complete annular sector rotating about its

center of mass can be determined using equations (4) and (8).
E* = kof [g_p (21 (R2 - r2)(R2 + r?)

E* = tpwn (R2 - r2)(R2 + r2) (9)
4

Equation (9) can be rewritten in terms of the radius ratio (RR) as

Ex = tea?nka - RRA) (9a)
4

For the specific case of a whole disk (r = 0, and 48 = 2m)

equation (8) reduces to

I, = LMR 2

where M is the total mass of the disk,
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The kinetic energy of a "whole" disk (KEp) rotating at a speed (w)

is therefore:

KEp = % 1,02 = 3M(Rw)>2 (10)

In order to generalize the results of this development and make it
applicable to all size disks of uniform thickness and all speeds, we have
normalized the energy components developed by dividing through by the
kinetic energy of the "whole" disk (KEp). All energies be;ng relative
to this same rotational speed.

The quantity of kinetic energy possessed by the disk just prior to
burst must be conserved by all the fragments after the burst; i.e, the
sum of the rotational and translational kinetic energy of all the
fragments must equal the kinetic energy of the disk at burst speed, This
assumes no energy losses incurred during fragment separation,

Under the ideal conditions being considered, the energy of the entire
annulus section is equally distributed to all the individual annular
sector fragments. The hub section is considered to remain rotating at
the burst speed (®,) and therefore possesses a definite amount of kinetic
energy (KEH) which is all rotational energy. KEy can be determined as
follows:

KEg = % Lop(®p)° (1
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Where:

moment of inertia of the hub

—t
o]
jas}

f

IoH = % My 1?2 (12)
My - mass of the hub
Therefore,
KEy = % My (roo)?
We define the total kinetic energy of an individual fragment (KETOT),
as the summation of the rotational and translational energies possessed
by the fragment immediately after failure. These fragments are generated

when the annulus section fragmentizes,

KEror = KER + KET (13)
Where:
KER = rotational kinetic energy of an individual fragment and
KET = translational kinetic energy of an individual fragment,

Summarizing the previous paragraphs it can be said that the kinetic
energy of the entire disk (KEp) is equal to the summation of the total
kinetic energy of the individual fragments plus the kinetic energy of the
hub,

KEp = KEy + Z (KEpgT) (14)

A total kinetic energy of an individual fragment having an annular

sector shape (KETgr) can be determined by dividing the kinetic energy

of a complete annular sector (E*) given by equation (9), by the



number of equal fragments (N) generated,

fragment 30) will be

H
In
=

A

The kinetic energy is therefore:

2
KEror = fp_ws_(ﬁ) R4 -

or incorporating the radius ratio term

2 4
KEpor = tpr(Ae)R (1 - RR“)

A2-10

The included angle of each

(16)

(16a)

Let us first consider the translational kinetic energy associated

with a fragment released from a failed rotor.

In general, the kinetic energy of a particle of mass (m) traveling

on a straight path with a velocity (v) is equal to (¥)mv2, When related

to a fragment as the one being considered, the straight path followed by

the fragment is described by a line drawn perpendicular to a radial

line from the center of the rotor to the center of mass of the fragment

and passing through this center of mass in the direction of rotation.

The center of mass of the fragment from a whole disk can be

determined as in reference b,
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Since we are considering a disk of uniform thickness, the center of

mass is located along the axis of symmetry of the circular sector (refer
to plate 2) and the centroid of the area, or essentially the center of
mass of the circular sector, is located at

— 9

R = 4R | sin 2 (17)

3 0

For the general case of a disk with a "central hole" the given area
can be divided into parts, the centroid of each part being known, and
then the moment of the total area will be the sum of the moments of the
area of its parts. The centroid of the composite figure (Ec) is deter-

mined by applying the following equation:

EC=ARE-AI.?
AR - Ay

(18)

The terms of equation (18) are defined on plate 2 .,

Equation (18) reduces to the following:

2 3.3
Re=|2.8n2 ) & -0 (19)
3 0 R - 1
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Utilization of the radius ratio (RR) further reduces equation (19) to:

] 3

= ={4R sin 27| ] 1 - Ry
R, _ (19a)
¢ 30 1 - Rg2 *

The entire mass of the fragment (Mg), which is assumed to act at the
center of mass, is equal to the product of the area of the annulus sector

(AR - Ay), the material mass density (p), and the disk thickness (t).

Mg = (AR - Ap)(P)(L) (20)
Mg = Opt (RZ - £2) (21)
2

Again incorporating the Rp term, equation (21) becomes

2

Mg = Op ; RT (1 - Rg?) (21a)

The fragment mass (My) acting at the center of mass has a tangential

velocity Vp = R, » Wp
The translational kinetic energy of the fragment is therefore

0 .
KET = t F!BZRA . 16 Sin2 (3)(1 - RR3)2 (22)
4 90 (1 - Rg4)
The rotational kinetic energy of the individual fragment (KER) can
be determined by subtracting the translational kinetic energy of the
fragment (KEp), equation (22), from the total energy (KETOT) of the

tragment equation (lé6).
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As mentioned previously, each of the energy terms can be normalized by
ratioing them to the kinetic energy of the entire disk (KEp). These
normalized parameters are:

KETor = (A®) (1 - Rg*) (23)
KEp, 2n

KET = 16 sinz(%) (1 - rRgd)?2

> (24)
KEh 9 n(A8) (1 - Rg“)
KEg = KEror - KET (25)
KED KEp 2
0
KEp =2 [4 sin‘gﬂ' o (1 - _RR?)Z (26)
KETOT 36 (1 - RR®)(1 - RR#®)

A computer program, developed by the Data Acquisition and Processing
Group. at the AED, (reference c) produced the graphical representation
of equations (23 to 26), The normalized parameters (KEtor/KEp, KET/KEp,
KER/KEp, KEp/KErgr, are plotted against the included angle of the sector
shaped fragment for a family of radius ratios on plates 3, &4, 5, and
6 , respectively; and against the radius ratios for a family of constant
included sector angles on plates 7, 8, 9, and 10, respectively;

These curves can be used to determine the energy distribution of a
fragment from a failed flat disk of uniform thickness or to assist in

the design of containment/control system evaluation tests,
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FRAGMENT TOTAL ENERGY

The percentage of the totsal disk energy possessed by individual fragment
can be determiped by plate 3 and/or 7,

The magnitude of the total energy per fragment (for a constant radius
ratio condition) increases as the included angle of the fragment is
increased, Another way of looking at this is to say that the total energy
per fragment (Rp = constant) decreases as the number of symmetric fragments
produced by the disk failure increases,

The rate at which the total energy per fragment changes with respect
to a given incremental change in the included angle of the fragment
(Rg = constant) is a constant; and this rate is independent of the
magnitude of the radius ratio,

The rate at which the total energy per fragment changes with respect
to a given incremeptal change in the radius ratio of a fragment (A0 = con-
stant) 1s a constant; this rate is independent of the magnitude of the
included angle of the fragment,

When a disk fails such that there is no remaining hub section, i.e.,
Rp = 0, the energy of the disk is equally distributed to all fragments,
This distribution, represented by the uppermost curve on plate 3, shows
that a tri-hub burst (RR = 0) produces three fragments each having a
total energy of 33.33% of the disk's energy; while an eight-piece burst
produces fragments cach possessing 12,50% of the disk energy just prior
to failure,

For a disk failure that produces annular sector fragments plus a

remaining hub section, the total energy per fragment is not as easily
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calculated. A disk failure having a RR = 0.8 approaches a condition fre-
quently referred to as a "rim failure', the fragments are portions of a
thin ring of material at the outer edge of the digsk while the remaining
hub section is a comparatively large section of the original disk, For
this type of disk failure (Rg = 0.8), a tri-hub burst would produce three
fragments each having a total energy of 19,6% of the original disk energy.
For a three-piece failure (Rg = 0.8), the total energy per fragment is
only 7.3% of that energy possessed by the complete disk prior to failure,

FRAGMENT TRANSLATIONAL KINETIC ENERGY

Let us now examine the translational kinetic energy of a fragment
from a failed disk, From plate 4 it can be seen that the maximum
translational kinetic energy of a fragment always occurs when a fragment
has an included angle of 0,742 radians (133.56°) regardless of the radius
ratio, Maximum translational kinetic energy always occurs when the radius
ratio is equal to 0,366, This is also evident when you review plate 8
and observe that the maximum value of KET/KEp for all values of the
included angle of the fragment occur at RR = Q.366, The uppermost curve
on plate 4 1is for a value of Rp = 0.366, It can therefore be determined
that a fragment having a RR = 0,366 and an included angle of 133,560°
will possess the maximum amount of translational kinetic energy that a
fragment from a failed disk of uniform thickness can Possess the instant
after failure, The magnitude of this maximum translational kinetic energy

is 21,47 of the total energy of the disk.
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Further investigation into the energy distribution of this unique
fragment that possesses the maximum translational kinetic energy per
fragment shows that the total energy of this fragment if 36,3% of the
entire disk (plate 7, Rp = 0.366) and it has a rotational kinetic energy
component of 14,97 (plate 9, RR = 0,366). It should be noted that the
sum of the fragment's translational kinetic energy (0,214) and rotational
kinetic energy (0,149) does equal the total kinetic energy of the frag-
ment (0,363),

Inspection of plate 10 indicates that the portion of the total
energy of the fragment attributed to translation increases as the radius
ratio increases, i.e,, as the fragment becomes a part of a thinner and
thinner ring., Plate 6 also shows the increased translational component
of the total fragment energy. Plate 6 indicates that as the disk failure
pProduces more symmetric fragments, the translational kinetic energy becomes
a larger portion of the total fragment energy, Theoretically, fragment
energy is all translational when the radius ratio approaches 1.0 and
there are infinite number of fragments resulting from this failure.,

AED TRI-HUB BURST ENERGY DISTRIBUTION

The first series of tests conducted at the AED Containment Evaluation
Facility were made to study the basic kinematics of a tri-hub burst. The
following exercise presents an approach to the use of these curves to
determine the type and magnitude of energy possessed by the fragments of

one such disk burst,
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The disk was designed to produce three annular sector fragments and a
hub section at failure, The disk possessed the following physical char-
acteristics and was operating at 12,600 rpm when the intentional failure

occurred,

(1) Material: 1020 steel (0,283 lb/cu in,)

(2) Disk Outer Radius = R = 3,500 in,
(3) Disk Inner Radius = r = 1,4375 in,
(4) Uniform Thickness = t = 0,375 in.

(5) Fragment Included Angle = @ = 120°
(6) Radius Ratio = Rp = 0.4107
(7) Radial Distance to Fragment Centroid = 2.1614 in,
(8) Polar Moment of Inertia = I, = 0.06474 in,-lb-sec?
The kinetic energy of the entire disk at the instant of failure
(12,600 rpm) (KEj is equal to 3Io®?); KEp = 56356.5 in,-1lb.

Total Fragment Energy

KEToT/KED, plate 3; KETOT/KED = 0,323

KEpor/KEp = 18203.1 in.-1b

This indicates that the total energy possessed by the 1/3 fragment is
slightly less than 1/3 of the total energy possessed by the entire disk

at failure,
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Translational Portion of Total Fragment Energy

65.3%

KEp/KErgr, (Plate 6); KEp/KEpgp

KET/KETQT = 11891.2 in.-1b

This indicates that of the total fragment energy (18203.1 in.-1b), only
65.3% is translational in nature.

Translational Kinetic Energy Per Annular Sector Fragment

KET/KEp, (Plate 4); KEp/KEp

0.211

KEr/KEp = 11891,2 in.-1b

Total Translational Kinetic Energy

The total amount of translational kinetic energy attacking the
containment ring is equal to three times the individual translational
kinetic energy per annular sector fragment; i.e., 3 x 0.211 = 0.633 or
35673.6 in,-1b,

Rotational Kinetic Energy Per Annular Sector Fragment

KER/KEp, (Plate 5); KEj/KEp = 0.112
A total rotational kinetic energy per annular sector fragment is equal
to 0.112 of the total kinetic energy of the disk just prior to failure,
i,e., 6311.9 in.-1b, It is therefore evident that the rotational
component of the total kinetic energy of the fragment is equal to

34.7% of the total fragment energy.
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PLATE 7

CAN-382224(L)-5-67
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APPENDIX 3 A3-1

DPR R-105 PHASE 1V TEST DATA COMPILATION

A detailed compilation of the 21 tests that were performed during
Phase IV of NASA DPR R-105 is presented in plates 1 to 12 of Appendix 3.
This compilation is divided into four sections:
a. Test objectives, photographic coverage, and burst speeds
(Plates 1, 2, and 3).
b. Fragment generator details (plates 4, 5, and 6).
c. Containment system details (plates 7, 8, and 9).
d. Photographic system details {(plates 10, 11, and 12).
The following is a list of symbols used in this compilation:
a. N = No or none

Yes or available

on
<
1l

Contained, i.e., no fragment perforated the

(¢}

L ]

(@]
1]

containment device.
d. Error = Actual speed minus design speed

e. Percent Error = Error x 100
Design

f. Detailed photograph of containment device shown in main
body of report (plate 46),
g. Detailed drawing and photograbh shown in main body of

report (plates 34 and 35, respectively).



h. c.c. = close contact
i. SAND = Sandwich construction; aluminum-plastic
jo FOIL = Aluminum foil with SR-4 cement

k, Visicorder speed record damaged.

observed from EPUT digital readout,

Speed (21200 rpm)
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